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Abstract Myostatin negatively regulates skeletal
muscle growth and appears upregulated in human
obesity and associated with insulin resistance. How-
ever, observations are confounded by ageing, and
the mechanisms responsible are unknown. The aim
of this study was to delineate between the effects of
excess adiposity, insulin resistance and ageing on
myostatin mRNA expression in human skeletal mus-
cle and to investigate causative factors using in vitro
models. An in vivo cross-sectional analysis of human
skeletal muscle was undertaken to isolate effects
of excess adiposity and ageing per se on myostatin
expression. In vitro studies employed human pri-
mary myotubes to investigate the potential involve-
ment of cross-talk between subcutaneous adipose
tissue (SAT) and skeletal muscle, and lipid-induced
insulin resistance. Skeletal muscle myostatin mRNA
expression was greater in aged adults with excess
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adiposity than age-matched adults with normal adi-
posity (2.0-fold higher; P < 0.05) and occurred con-
currently with altered expression of genes involved
in the maintenance of muscle mass but did not differ
between younger and aged adults with normal adipos-
ity. Neither chronic exposure to obese SAT secretome
nor acute elevation of fatty acid availability (which
induced insulin resistance) replicated the obesity-
mediated upregulation of myostatin mRNA expres-
sion in vitro. In conclusion, skeletal muscle myostatin
mRNA expression is uniquely upregulated in aged
adults with excess adiposity and insulin resistance but
not by ageing alone. This does not appear to be medi-
ated by the SAT secretome or by lipid-induced insulin
resistance. Thus, factors intrinsic to skeletal muscle
may be responsible for the obesity-mediated upregu-
lation of myostatin, and future work to establish cau-
sality is required.
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Introduction

Obesity is typically associated with declining meta-
bolic health, including impaired regulation of glu-
cose homeostasis and metabolism through the action
of insulin (insulin resistance). Often concurrent with
insulin resistance is an impairment of the amino acid
stimulation of muscle protein synthesis, termed ana-
bolic resistance [1, 2]. Together, the obesity-asso-
ciated impairment of insulin and anabolic sensitiv-
ity contribute to pathophysiological consequences
with ageing, including the decline of skeletal muscle
mass and function, termed sarcopenia [3, 4]. Since
skeletal muscle constitutes the greatest mass of the
insulin-sensitive tissues, with a capacity to increase
glucose disposal many-fold from post-absorptive to
postprandial states, the diminution of skeletal muscle
mass directly reduces whole body glucose disposal
and jeopardizes whole-body glucose homeostasis [5].
Therefore, the implications of ageing and obesity on
factors involved in the regulation of skeletal muscle
mass are entwined with those of glucose and energy
homeostasis.

Myostatin is a TGF-f family member that is predom-
inantly expressed and secreted from skeletal muscle,
functioning as a negative regulator of skeletal muscle
growth [6]. As outlined in a recent review [7], myosta-
tin acts through both genomic and non-genomic signal-
ling events to affect skeletal muscle mass by increas-
ing the expression of proteolytic genes, decreasing
the expression of muscle-specific transcription factors
and structural genes, and reducing anabolic signalling
(such as mTORCI inhibition) in myofibres. Moreover,
studies in mice indicate that long-term myostatin inhi-
bition does not operate through satellite cells to affect
myofibre hypertrophy [8—10]. Following observations
of resistance to high-fat diet-induced impairment of
glucose tolerance in myostatin-knockout mice [11], it
was reported in humans that greater myostatin expres-
sion was associated with insulin resistance [12, 13].
Concordantly, the skeletal muscle mRNA and protein
expression and circulating abundance of myostatin are
reportedly elevated with obesity and correlate with
body mass index (BMI) [12, 14, 15]. Indeed, individu-
als with greater skeletal muscle myostatin expression
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were found to require lower rates of glucose infusion
during euglycaemic-hyperinsulinaemic clamp to main-
tain normoglycaemia [16].

Potential causality of the relationship between ele-
vated myostatin and insulin resistance has been dem-
onstrated in mice and murine culture models, where
treatment with recombinant myostatin perturbed
indices of insulin sensitivity and signalling, as well
as glucose tolerance [17, 18], whereas inhibition of
myostatin has been associated with improved insulin
sensitivity [19-21]. To date, cross-sectional studies
in humans have predominantly investigated myostatin
expression in middle-aged and aged individuals with
and without obesity. It must be considered, however,
that adiposity, insulin resistance and ageing often
advance together [22].

In the absence of obesity, some studies have
reported elevated myostatin serum abundance and
muscle mRNA and protein expression in aged adults
when compared with younger adults [23-25], but
firm conclusions are limited by the absence of BMI-
matched younger and aged adults and by differ-
ences in body composition [26, 27]. Thus, it remains
unclear whether changes in the expression and abun-
dance of myostatin are driven by excess adiposity per
se or are influenced by age-related changes such as
development of insulin resistance and declining skel-
etal muscle mass and function [28, 29]. Furthermore,
the causative factors responsible for the reported
upregulation of myostatin with obesity and ageing
remain unclear.

Aims

This study sought to delineate between the effects
of excess adiposity, insulin resistance and ageing on
myostatin mRNA expression in human skeletal mus-
cle and to undertake in vitro investigations using
human primary muscle cultures to explore possible
causative factors.

Materials and methods
In vivo procedures and human tissue acquisition
All in vivo procedures were performed following

approval from the Medical School research ethics
committee of the University of Nottingham and in
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accordance with the declaration of Helsinki. Volun-
teers provided written informed consent prior to par-
ticipating and underwent a comprehensive medical
screening.

Cross-sectional analysis of ageing and obesity

A cross-sectional analysis of skeletal muscle mRNA
expression in human ageing and obesity was under-
taken. Healthy male volunteers were recruited who
were either young with normal adiposity (YNA;
18-30 years, mean [+ SD] BMI: 23.8 [3.8] kg:m ™),
aged with normal adiposity (ANA; > 65 years, BMI:
23.6 [2.5] kg'm™2) or aged with excess adiposity
(AEA; > 65 years, BMI: 29.6 [2.1] kg-m_z). Individu-
als were excluded if they had a history of diabetes,
cardiovascular disease, hypertension, or any other
metabolic or respiratory conditions. Following an
overnight fast and 48 h of abstinence from strenuous
physical activity, a dual energy X-ray absorptiom-
etry (DEXA) scan (Lunar Prodigy, GE Healthcare,
USA) was undertaken to determine body composition
before a skeletal muscle tissue sample was obtained
from the vastus lateralis using the suction-modified
Bergstrom biopsy technique and snap frozen [30].
A retrograde cannula was inserted into a superficial
hand vein, which was kept in a warming unit (55
°C) to enable arterialized-venous sampling. Whole
body insulin sensitivity was assessed using a 3-h
hyperinsulinaemic-euglycaemic clamp, as previously
described [31-33]. Insulin was continuously infused
at 60 mU-m~2min~!, and 20% glucose was infused
at a variable rate to achieve euglycaemia (set at 4.5
mmol-L™!). Thus, glucose infusion rate was used
to calculate the rate of glucose disposal, which was
adjusted for total lean mass (LM) calculated from the
DEXA scan and expressed as pmol-kg™' LM-min~".

Blood biochemistry

Whole blood glucose concentration was determined
using the glucose oxidase method (YSI 2300 STAT
PLUS Glucose & Lactate Analyzer, Yellow Springs
Instruments, Ohio, USA). Serum insulin was meas-
ured with a commercially available enzyme-linked
immunosorbent assay (EZHI-14K, Millipore Sigma).
The homeostasis model assessment of insulin resist-
ance 2 (HOMAZ2-IR) was used as an index of fasting
insulin sensitivity [34].

Acquisition of subcutaneous adipose tissue for
modelling adipose-muscle crosstalk

For the purpose of modelling adipose-muscle cross-
talk in subsequent in vitro experiments, subcutane-
ous adipose tissue (SAT) samples were obtained from
adults (range: 48—84 years) with normal adiposity (n
= 18; mean [+ SD] BMI: 24.2 [1.4] kg~m_2) or excess
adiposity (n = 15; BMI: 32.8 [3.2] kg-m_z), who had
knee or hip osteoarthritis (OA) and were undergoing
orthopaedic surgery at the Royal Orthopaedic Hospi-
tal, Birmingham (NRES 16/SS/0172). Patients who
had ever received intravenous or oral immunosup-
pressive medication and those who had been given
intra-articular steroid injections within 6 months of
their surgery were all excluded.

In vitro procedures

Generation and differentiation of primary human
myogenic cultures

For in vitro experiments, a total of n = 13 healthy
participants attended the laboratory on a single occa-
sion, following an overnight fast and 48-h abstinence
from strenuous physical activity. A venous blood
sample was taken for determination of fasting glucose
concentration before a sample of vastus lateralis mus-
cle was obtained via the suction-modified Bergstrom
biopsy technique and briefly stored in ice-cold saline
prior to the isolation of progenitor cells. Primary
myogenic cultures were generated and differentiated
(for 6 days) to form multinucleated myotubes, as pre-
viously described [35]. Based on unpublished find-
ings, cultures were only passaged twice, to maintain
myogenic purity and phenotype.

Modelling subcutaneous adipose tissue cross-talk
with skeletal muscle

To generate adipose-conditioned medium (ACM),
SAT samples were incubated in differentiation
medium at a ratio of 1 g of tissue to 10 mL of medium
for 24 h. Larger samples were divided into segments
of ~1 g to standardize the surface area of adipose tis-
sue. The ACM was sterile filtered and stored at —80
°C. Prior to use, ACM from numerous patients (nor-
mal adiposity: n = 18; excess adiposity: n = 15) was
combined to generate a stock of normal adiposity
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and a stock of excess adiposity ACM, which were
matched for mean age and sex distribution (Table 2).
The relative abundance of 58 adipokines within both
pooled ACM stocks was assessed using a commer-
cially available human adipokine array kit (R&D Sys-
tems, #ARY204).

Upon reaching > 90% confluence, myogenic cul-
tures from n = 4 healthy participants (BMI range:
19.8-24.5 kg-m~2) were switched to either uncondi-
tioned, normal adiposity ACM or excess adiposity
ACM for differentiation. Freshly-thawed ACM was
diluted 1:2 with fresh differentiation medium and was
renewed every 48 h for 6 days [36].

Induction of lipid-induced insulin resistance

Primary myogenic cultures were established from n
= 8 healthy, normoglycaemic (fasting blood glucose
< 5.0 mmol-L™") participants (BMI range: 20.3-26.9
kg-m~2). Palmitate, linoleic and oleic acids were cou-
pled to fatty acid-free BSA at molar ratios of 1:2.7.
Fully differentiated myotubes were exposed for 16 h
with either palmitate (250 pM) alone, a mixture of
palmitate, linoleic acid and oleic acid (PLO; 250, 50
and 150 pM, respectively) or vehicle (fatty acid-free
BSA).

Glucose uptake

Basal and insulin-stimulated (100 nM) glucose
uptake was assessed in myotubes using nominally
radio-labelled (tritiated) deoxy-D-glucose (2-[1,2-
3H (N)]; PerkinElmer, MA, USA), as previously
described [37]. Additionally, aliquots of cell lysate
were assayed for protein concentration determination
by BCA assay; the remaining lysates were combined
with scintillation fluid, and beta-particle emission
(disintegrations per minute; DPM) was assessed via
liquid scintillation counting. DPMs were normalized
against protein content and converted to absolute glu-
cose uptake rate (pmol-mg~"-min~"').

Myotube diameter

Differentiated myogenic cultures were fixed with 4%
paraformaldehyde for 15 min before permeabiliza-
tion with 0.3% Triton X-100 for 20 min. Cells were
blocked for 2 h in 5% (w/v) BSA with 0.1% Tri-
ton X-100 and incubated in anti-desmin antibody
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(Abcam, #ab8592) in 1% BSA with 0.1% Triton
X-100 overnight. Cells were then incubated in sec-
ondary antibody (Invitrogen, #R37118) in 1% BSA
with 0.1% Triton X-100 for 1 h before 1 pg-mL™!
DAPI (Sigma, #32670) was added. Cultures were
imaged on a fluorescent microscope platform (Evos
M7000, Thermo Fisher). Ten images were captured
from random locations across each well, with 3 repli-
cate wells per experimental treatment. Image analysis
was performed in ImageJ. For each image, the diam-
eter of the 5 largest desmin-positive multinucleated
tubular structures was measured in 3 places along
their length at 25, 50 and 75% of the length of the
visible structure, to calculate a mean diameter for
each myotube. Thus, myotube diameter (pm) data for
each experimental treatment reflects the mean of 150
unique myotubes.

Global protein synthesis

Changes in amino acid stimulated global myotube
protein synthesis were estimated using the surface
sensing of translation (SuNSET) technique [38].
Fully differentiated myotubes were serum-starved for
2 h and subsequently incubated in a transport buffer
(140 mM NacCl, 1.8 mM CaCl,, 0.08 mM MgSO,, 5.4
mM KCl, 25 mM HEPES and pH 7.4) supplemented
with 5 mM D-glucose and 2 mM L-leucine for 3 h
to stimulate protein synthesis. For the final 30 min,
cells were incubated with 1 pM puromycin dihydro-
chloride before lysis. Equal amounts of total protein
(determined via Pierce bicinchoninic acid assay) were
separated on 12% SDS-PAGE gels, transferred onto
PVDF membranes, incubated with anti-puromycin
antibody (clone 12D10; Millipore, USA) and visu-
alized using chemiluminescence on X-ray film. Fol-
lowing immunodetection, membranes were stained
with 0.1% Coomassie. Films and membranes were
digitally imaged and total lane intensity (~15-200
kDa) was measured by densitometry. Relative pro-
tein synthetic activity was estimated as the ratio of
puromycin-labelled protein intensity to total protein
(Coomassie) intensity.

mRNA expression
Extraction of RNA was performed on both skel-

etal muscle tissue and cultured cells using TRI-
zol™ (Thermo Fisher), whilst cDNA synthesis was
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performed using Invitrogen SuperScript™ in accord-
ance with manufacturer’s guidelines. Relative gene
expression was assessed via real time PCR (qPCR)
with TagMan probes (custom designed or com-
mercially available assay kits) on a StepOnePlus™
system (Applied Biosystems, CA, USA). Expres-
sion of target and endogenous reference genes were
determined using the relative standard curve method
[39]. The stability of candidate endogenous reference
genes was assessed using NormFinder [40].

Terminology to describe biological and technical
replication

For in vitro experiments, an independent donor repeat
refers to the performing of an experiment using pri-
mary myogenic cultures established from a single
human donor (e.g. the use of n = 7 independent donor
repeats meant the entire experimental model was
repeated 7 times using cultures established from 7 dif-
ferent human donors). Within each independent donor
repeat, multiple treatment replicates were performed
(e.g. the use of 4 treatment replicates meant 4 wells
of cells from each independent donor repeat were
exposed to each treatment condition). All reported n
values are the number of independent donor repeats.

Statistical analysis

All statistical analysis was performed in GraphPad
Prism (Version 9.2). Descriptive data are presented as
mean + SD, whilst experimental data are presented as
mean + SEM. Assumptions of normality were tested
via Shapiro-Wilk test. Analysis of variance (ANOVA)
was applied for complete data sets; for data with miss-
ing repeated measures (due to insufficient primary
cells to repeat all experimental conditions within an
independent donor repeat), mixed-effects models were
employed. Where relevant, ANOVA/mixed effects
model P values are reported, with post hoc Tukey
multiple comparisons. Standalone comparisons were
performed with paired two-sided #-tests. Correlations
were performed using Pearson’s correlation. Statistical
significance was defined as P < 0.05. All individual
participant data points for in vivo experimental out-
comes and all independent donor repeat data points for
in vitro experimental outcomes are presented as cir-
cles on each figure, with the number of in vitro treat-
ment replicates reported in the legend, where relevant.

Results

In vivo studies

(1) Skeletal muscle mRNA expression of myostatin
is increased and insulin sensitivity is impaired
in aged adults with excess adiposity, but is unaf-
fected by ageing alone.

Participants in the ANA and AEA groups were
age-matched and were on average ~50 years
older than those in the YNA group (Table 1).
The AEA group presented with higher BMI,
total fat mass and body fat percentage than
both ANA and YNA. Insulin-stimulated glu-
cose disposal (an index of insulin sensitivity)
was not significantly different between YNA
and ANA but was significantly lower in AEA
than both ANA and YNA (Table 1), suggest-
ing that increased adiposity with ageing, but
not ageing alone, impairs insulin sensitivity in
otherwise healthy individuals.

Skeletal muscle mRNA expression of myostatin
was 2.0-fold greater in AEA than ANA (mean
difference [95% CI]: 1.35 [-0.06, 2.63] a.u.;
P < 0.05), but no difference was observed
between ANA and YNA (Fig. 1A). Across
all participants, myostatin mRNA expression
tended to weakly correlate with BMI (r = 0.38;
P = 0.097; data not shown), but not with any
other indices of body composition (body mass,
total fat mass, trunk fat mass, body fat % and
lean mass), or with age or glucose disposal rate.
Furthermore, no significant differences between
groups in the skeletal muscle mRNA expres-
sion of the myostatin receptor, ACVR2B, were
observed (Fig. 1B). However, when only the
aged individuals (AEA and ANA groups) were
considered, myostatin expression showed a sig-
nificant positive correlation with BMI (r = 0.65,
P =0.011; n = 14) and a negative correlation
with lean mass when expressed as % of body
mass (r = —0.61, P =0.021; n = 14).

(2) Aged adults with excess adiposity exhibit altered
expression of key skeletal muscle-regulatory
genes, relative to aged and younger counterparts
with normal adiposity.

In order to better contextualize the differences in
myostatin mRNA expression observed between
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Table 1 Characteristics of participants from whom skeletal muscle samples were obtained in the in vivo studies

Young normal adiposity

Aged normal adiposity (ANA) Aged excess adiposity (AEA) P

(YNA)

n 6 7 7

Age (years) 224 (+3.7) 70.6 (£ 1.1)T 69.1 (£ 1.1)T < 0.001
Body mass (kg) 77.8 (£ 15.0) 69.7 (+9.2) 85.3(x 6.8)% 0.036
BMI (kg-m™2) 23.8 (£ 3.8) 23.6 (£ 2.5) 29.6 (+2.1)t% 0.002
Total lean mass (LM) (kg) 58.92 (+ 8.26) 50.98 (+ 3.92) 52.82 (+ 4.80) 0.063
Total fat mass (kg) 13.36 (= 7.98) 14.42 (+5.97) 27.13 (£ 3.03)t% < 0.001
Body fat percentage (%) 16.3 (= 7.2) 20.1 (= 6.6) 31.8 (= 2.0)7% < 0.001
Glucose disposal rate 742 (£ 16.0) (n=5) 572 (£ 6.5)(n=5) 419 (£ 129ttt (n=17) 0.003

(pm01~kg_1 LM-min~")

Data

are presented as mean + SD

+Significantly different from young normal adiposity

+Significantly different from aged normal adiposity

the YNA, ANA and AEA groups, we next inves-
tigated whether these differences extended to
the expression of key muscle-regulatory genes.
To this end, the mRNA expression of the myo-
genic factors MyoD and MyoG and the catabolic
muscle-specific E3 ligases MAFbx and MuRF1
were quantified in the same skeletal muscle
samples. The mRNA expression of MyoD was
2.3-fold greater in AEA than YNA (mean differ-
ence [95% CI]: 0.52 [0.04, 0.99] a.u.; P < 0.05)
and tended (P = 0.076) to be greater than ANA
(Fig. 1C). Conversely, expression of MyoG was
not significantly affected by experimental group
(Fig. 1D). There was also no effect of group on
the expression of MuRF1 (Fig. 1E). However,
MAFbx expression was significantly affected
by group (P = 0.041), with ~1.6-fold greater
expression in AEA (mean difference [95% CI]:
3.48 [0.56, 6.40] a.u.; P < 0.05) and ANA
(mean difference [95% CI]: 3.26 [0.35, 6.18]
a.u.; P < 0.05) than YNA (Fig. IF).

In vitro studies

e))

Subcutaneous adipose tissue secretome from
aged adults with excess adiposity does not differ-
entially modify insulin sensitivity and myostatin
mRNA expression in human myotubes, compared
to that from individuals with normal adiposity.

@ Springer

Given the observed increase in skeletal muscle

myostatin  mRNA expression with adipos-
ity in the presence of ageing, in vitro studies
were conducted to investigate potential causa-
tive drivers. In the first instance, experiments
investigated whether cross-talk between SAT
and skeletal muscle might play a causal role in
the obesity-mediated upregulation of myosta-
tin. The patients with normal adiposity (n = 18)
and excess adiposity (n = 15) from whom SAT
samples were obtained for the generation of
ACM were characteristically different (Table 2).
Compared to ACM derived from patients with
normal and excess adiposity, unconditioned
differentiation medium demonstrated vastly
lower abundances of most measured cytokines,
confirming successful conditioning with SAT
secretome (Fig. 2). The relative abundances
of several of the 58 cytokines assessed dem-
onstrated anticipated differences between the
normal adiposity and excess adiposity ACM.
Notably, compared to ACM from patients with
normal adiposity, ACM from patients with
excess adiposity demonstrated a 6% lower rela-
tive abundance of adiponectin, whilst interleu-
kins 6, 8 and 10 were all more abundant (9%,
9% and 27%, respectively).

Exposure to SAT secretome from patients with

excess adiposity did not impair myotube for-
mation, with comparable myotube diameters in
cells treated with normal adiposity and excess
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adiposity ACM (13.46 + 0.53 vs. 13.27 + 0.73
pm, respectively; n = 4; Fig. 3A). Both amino
acid-stimulated global myotube protein synthe-
sis (estimated via puromycin incorporation; n
= 3) and basal and insulin-stimulated glucose
uptake (n = 3) were comparable between ACM
treatments (Fig. 3 B and C, respectively). The
relative mRNA expression of myostatin and
its receptor, ACVR2B, as well as the relative
expression of MRFs and muscle-specific E3
ligases were similarly comparable between
ACM treatments (all n = 4; Fig. 3D). Relative
to cells treated with normal adiposity ACM,
cells treated with excess adiposity ACM did
not demonstrate altered expression of IL-6,
IL-1p or TNF (Fig. 3).

(2) Fatty acid mediated impairment of human
myotube insulin sensitivity is not associated
with changes in the mRNA expression of
myostatin.

Given that skeletal muscle mRNA expression of
myostatin was increased and insulin sensitivity
was impaired in participants with excess adi-
posity in our in vivo study, we next sought to
examine whether the induction of insulin resist-
ance can directly affect myostatin expression. To
this end, primary myogenic cultures were estab-
lished from n = 8 young healthy donors (23 +
3 years, BMI: 23.1 + 2.6 kg-m~2) with normal
insulin sensitivity (HOMA2-IR: 1.12 + 0.38).
In fully differentiated myotubes, basal glucose
uptake was unaffected by fatty acid treatment (n
= 7); however, under insulin-stimulated condi-
tions, treatment with both palmitate (n = 5) and
PLO (n = 6) impaired the significant increase
in glucose uptake observed in the vehicle-
treated myotubes (vehicle: mean + SEM fold-
change from basal to insulin-stimulated: 1.4 +
0.25; mean difference [95% CI]: 9.5 [18.0, 1.1]
pmol-mg~"-min~!; P < 0.05), indicating the
development of insulin resistance in both palmi-
tate- and PLO-treated cells (Fig. 4A). However,
there was no effect of fatty acid treatment on
myostatin mRNA expression (n = 8; Fig. 4B),
suggesting that the insulin resistance observed in
aged adults with excess adiposity in the in vivo
study may not be functionally linked to upregu-
lation of skeletal muscle mRNA expression of
myostatin.

Discussion

This is the first study to demonstrate that whilst
myostatin mRNA expression is upregulated in the
skeletal muscle of aged adults with excess adiposity
who are insulin resistant, this upregulation is inde-
pendent of chronological ageing. Furthermore, the
in vitro models used in the present study suggest that
this upregulation is not mediated by the induction of
insulin resistance or by cross-talk with the subcutane-
ous adipose tissue secretome in the setting of excess
adiposity. Thus, we provide novel evidence suggest-
ing a dissociation between skeletal muscle insulin
resistance and the upregulation of myostatin mRNA
expression in human obesity.

Aged adults with excess adiposity, who were
also insulin resistant, demonstrated an almost 2-fold
higher skeletal muscle expression of myostatin
mRNA relative to age-matched aged adults with nor-
mal adiposity. This occurred without a concomitant
change in the mRNA expression of the transmem-
brane receptor, ACVR2B, to which myostatin binds.
The finding of upregulated muscle myostatin expres-
sion in the presence of excess adiposity and the corre-
lation between myostatin expression and BMI is con-
sistent with previous reports [12, 13, 15]. The novel
finding of this study is that in the absence of exces-
sive adiposity, ageing alone was not associated with
a change in myostatin gene expression in human skel-
etal muscle. Whether such upregulation with adipos-
ity translates into elevated circulating myostatin pro-
tein, however, is less clear [41-43]. Furthermore, it is
not known to what extent this upregulation in mus-
cle myostatin mRNA expression in aged adults with
excess adiposity is causally related to their lower lean
mass when expressed as percent of body mass when
compared to those with normal adiposity.

The mechanism by which myostatin is upregu-
lated in obesity has not yet been fully established;
however, canonical myostatin signalling activates
SMAD?2/3 which represses muscle regulatory fac-
tors (MRFs), including MyoD [44—47]. Conversely,
MyoD itself is also able to upregulate myostatin tran-
scription through its binding to enhancer-box motifs
within the myostatin promoter region [48-50]. Thus,
to contextualize the differences in muscle myostatin
mRNA expression, we investigated whether the dif-
ferences with excess adiposity and ageing extended
to key muscle regulatory genes. Relative to the YNA
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«Fig. 1 Effects of adiposity and ageing on myostatin and mus-
cle regulatory gene expression in skeletal muscle tissue. The
relative mRNA expression of myostatin (A), ACVR2B (B),
MyoD (C), MyoG (D), MuRF1 (E) and MAFbx (F) was meas-
ured via qPCR in vastus lateralis muscle samples from adults
who were young with normal adiposity (n = 6), aged with
normal adiposity (n = 7) and aged with excess adiposity (n =
7). Group data are presented as mean + SEM, with individual
participant values presented as open circles. Relative mRNA
expression is normalized against the geometric mean of HMBS
and RPLPO (a.u.). * P < 0.05

group, the mRNA expression of the MRF, MyoD,
was significantly greater in AEA. The capacity for
MyoD to upregulate myostatin provides a potential
mechanistic link between their concurrent upregula-
tion in the AEA group, whereby the initial upregu-
lation of MyoD in ageing with obesity may precede
and promote the upregulation of myostatin. This
finding, however, is at odds with reports of dimin-
ished MyoD in younger-to-middle-aged adults with
obesity [51], possibly suggesting that perturbed
regulation of MyoD is a feature only seen in more
advanced age, which is consistent with rodent studies
of ageing [52, 53].

In the present study, the mRNA expression of
the muscle-specific E3 ubiquitin ligase MAFbx,
but not MuRF1, was increased in aged participants.
Although research into the involvement of the ubig-
uitin-proteasome system in age-related muscle wast-
ing is conflicting [54-57], it has been demonstrated
that ex vivo incubation of skeletal muscle with full-
length myostatin protein increases muscle proteolysis
mediated by MuRF1 and MAFbx [58]. Whilst this
suggests a means by which upregulated myostatin
expression in the presence of greater adiposity could
be deleterious to the maintenance of skeletal muscle
mass with ageing, further investigation is required to
establish whether this is initiated by upregulation at
the mRNA level.

Having observed that the upregulation of myostatin
mRNA expression with excess adiposity occurs inde-
pendent of ageing alone, we next investigated pos-
sible causative factors. To that effect, the increased
abundance and hypertrophy of adipocytes and resi-
dent/infiltrating immune cells in obesity promote the
elevated secretion and subsequently circulating abun-
dance of inflammatory factors [59-61]. Through this
secretory function, excessive adiposity conveys pleio-
tropic effects on endocrine and metabolic function,

contributing to pathophysiological consequences
with ageing [62, 63]. Thus, in vitro experiments were
undertaken to isolate the effects of cross-talk between
SAT, constituting the largest adipose compartment
in obesity, and skeletal muscle on myostatin mRNA
expression.

When primary myotubes were differentiated for
6 days in ACM, the mRNA expression of myostatin
was not significantly different between cells exposed
to the SAT of patients with normal adiposity versus
that of patients with excess adiposity. Exposure to
the SAT secretome of patients with excess adipos-
ity did not impair basal or insulin-stimulated glucose
uptake or amino acid-stimulated global protein syn-
thesis, demonstrating an absence of SAT secretome-
induced insulin or anabolic resistance in the setting
of excess adiposity. Concordantly, the relative mRNA
expression of MRFs, muscle-specific E3 ubiquitin
ligases and classical inflammatory genes were simi-
lar between treatments, whilst myotube diameter was
similarly unaffected, the latter of which is consistent
with previous findings in primary human myotubes
from young donors [36].

Previously, the secretome of other adipose depots
has been used in cross-talk experiments with skeletal
muscle cells, with contrasting results to the present
study. Pellegrinelli et al. demonstrated that co-culture
of myotubes with obese donor visceral adipocytes for
24 h reduced the mRNA expression of MyoD and
MyoG, but not MuRF1 or MAFbx and was accompa-
nied by impaired muscle protein synthetic signalling
[64]. In another study, exposure of primary human
myotubes to mammary ACM derived from normal
weight and overweight donors for 48 h downregulated
the expression of MyoD, MyoG and myosin heavy
chain (MHC), relative to unconditioned medium [65].
Supportively, acute (6 h) exposure of L6 myotubes
to visceral, but not SAT secretome from individuals
with extreme obesity impaired insulin-stimulated glu-
cose uptake [66, 67]. Together, these findings suggest
differential effects of adipose tissues on myogenesis
and muscle insulin sensitivity in excess adiposity.
Thus, whilst the secretory phenotype of adipose tis-
sue in obesity is broadly associated with deleterious
cross-talk with skeletal muscle, under the experimen-
tal conditions employed in the current study, expo-
sure to the obese SAT secretome does not explain the
upregulated mRNA expression of myostatin observed
in vivo. It remains to be investigated whether ectopic
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Table 2 Characteristics of participants from whom subcutane-
ous adipose tissue samples were obtained for the generation of
adipose-conditioned medium

Normal adiposity Excess adiposity P

Sex (n: M/F)  7/11 5/10 -

Age (years) 70 (= 10) 68 (+ 10) 0.587
Height (m) 1.65 (x 0.09) 1.66 (+ 0.08) 0.836
Weight (kg)  66.3 (= 8.1) 90.5 (+ 12.8) < 0.001
BMI (kgm™2) 242 (x 1.4) 32.8 (+3.2) < 0.001
Waist circum-  88.0 (+ 9.5) 104.0 (+ 10.9) < 0.001

ference (cm)
Hip circum-  99.7 (= 7.9) 116.9 (+ 8.0) < 0.001

ference (cm)

Data are presented as mean + SD

Fig. 2 Relative abun-
dances of adipose-secreted
cytokines in uncondi-
tioned medium and ACM
from adults with normal

or excess adiposity. The
relative abundance of 58
cytokines known to be
secreted from adipose tissue
was measured in the pooled
stocks of ACM from adults
with normal adiposity (n

= 18) and excess adipos-
ity (overweight/obese; n =
15) using a commercially
available human adipokine
array kit. Lower relative
abundance is indicated by
darker, bluer shades, whilst
higher abundance is indi-
cated by brighter, yellower
shades
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Macrophage Colony-stimulating Factor
Macrophage Migration Inhibitory Factor

Tissue Inhibitor of Metalloproteinase-1
Tissue Inhibitor of Metalloproteinase-3
Tumour Necrosis Factor-a

Vascular Endothelial Growth Factor
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fat accumulation, such as intramyocellular lipid con-
tent, which is elevated in aged adults with obesity and
insulin resistance [68, 69], play a causative role in the
upregulation of skeletal muscle myostatin.

In the absence of upregulation in myostatin mRNA
expression or induction of insulin resistance with
chronic exposure to the SAT secretome of patients
with excess adiposity, further in vitro experiments
were undertaken to induce overt insulin resist-
ance and to establish whether this is associated with
upregulation of myostatin mRNA expression. Indeed,
insulin resistance has previously been associated with
increased mRNA expression and serum abundance
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Fig. 3 Effects of chronic exposure to subcutaneous ACM
from adults with excess adiposity on factors associated with
the regulation of skeletal muscle mass, insulin sensitivity and
inflammation in primary human myotubes. Primary human
myoblasts were exposed to subcutaneous ACM from adults
with normal adiposity or excess adiposity for 6 days of differ-
entiation into myotubes. Mean myotube diameter (n = 4; A),
with representative micrographs of fluorescently stained myo-
tubes (desmin (green); DAPI (blue); 10X objective; scale bar =
100 pm). Amino acid stimulated global myotube protein syn-

of myostatin in humans [12, 16, 41]. It is well estab-
lished that acute lipid overloads can induce skeletal
muscle insulin resistance under some experimental
conditions [70, 71] and this lipid-induced insulin
resistance can be modelled in vitro through the incu-
bation of myotubes with excess saturated fatty acids
[72]. Using the latter model, the present study dem-
onstrated for the first time in primary human myo-
tubes that the mRNA expression of myostatin was
unaffected by lipid-induced insulin resistance. It
has previously been demonstrated in animal models
that the upregulation or administration of myosta-
tin promotes insulin resistance, which may involve
the repression of insulin-stimulated protein kinase B

thesis as indicated by the relative incorporation of puromycin
into newly synthesized peptides (n = 3; B). Basal and insulin-
stimulated radio-labelled 2-DOG uptake (n = 3; C). Relative
mRNA expression of genes involved in skeletal muscle mass
regulation (n = 4; D) and inflammation (n = 4; E). Data are
presented as mean + SEM, with independent donor repeats
presented as open circles; each independent donor repeat rep-
resents the mean of 4-6 treatment replicates. *Relative mRNA
expression is expressed as fold-change from cells treated with
unconditioned medium

(Akt) phosphorylation by the activation of SMAD2/3
[73], which subsequently impairs the distal insulin
signaling cascade [17, 18, 74]. Additionally, myosta-
tin has been shown to repress AMP-activated protein
kinase (AMPK) expression and activity [19, 75, 76],
which could be detrimental to skeletal muscle glucose
handling and insulin sensitivity [77].

Taken together, these findings suggest that whilst
the upregulation of myostatin may exacerbate insu-
lin resistance in individuals with excess adiposity,
lipid-induced insulin resistance does not induce its
upregulation. Thus, neither the induction of insulin
resistance nor cross-talk with SAT is able to explain
the obesity-mediated upregulation of myostatin in
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Fig. 4 Effects of acute fatty acid treatments on glucose uptake
and myostatin gene expression in primary human myotubes.
Basal (no insulin) and insulin-stimulated radio-labelled 2-DOG
uptake (A) were assessed following 16-h treatment with vehi-
cle (n = 7), palmitate (n = 5) or PLO (n = 6). Relative mRNA
expression of myostatin (B) following vehicle palmitate (n =
6) and PLO (n = 6) treatment, expressed as fold-change from
vehicle (n = 8). Data are presented as mean + SEM, with inde-
pendent donor repeat mean values presented as open circles;
each independent donor repeat represents the mean of 4-6 (A)
and 3-4 (B) treatment replicates. * P < 0.05 from no insulin
treatment

ageing. It is important to also consider, therefore, the
protective role of exercise in the regulation of skel-
etal muscle mass and glucose metabolism in the con-
text of advancing age. Crucially, age-related decline
in the structure and function of skeletal muscle can
be mitigated through regular exercise via myriad
remodelling mechanisms, some of which are age-
independent [78]. As evidenced by studies of a tar-
geted risk reduction intervention through defined
exercise (STRRIDE), long-term exercise interven-
tions can be effective at improving and preventing
further decline in, indices of skeletal muscle meta-
bolic health, including whole-body insulin sensitivity,

@ Springer

in sedentary, middle-aged adults with overweight and
obesity [79, 80]. Concordantly, myostatin protein and
plasma abundance were shown to be reduced in mid-
dle-aged insulin-resistant men, following long-term
aerobic exercise, despite an absence of weight loss
or a reduction in fat mass [17]. Thus, further research
is necessary to delineate between the independent
effects of advancing age, adiposity and physical inac-
tivity in vivo [81]. Investigation to explore the pos-
sible involvement of other factors associated with the
presence of excess adiposity in ageing, such as the
ectopic accumulation of lipids in skeletal muscle and
the role of physical activity/exercise levels in modu-
lating myostatin expression, independent of adiposity,
across the age-span, are therefore warranted.

Limitations

Throughout the experiments reported herein, the
expression of myostatin and of other factors associ-
ated with the regulation of skeletal muscle mass, was
assessed only at the mRNA level. It must be consid-
ered, however, that changes in myostatin mRNA and
protein expression do not typically correlate well, and
their relative significance remains equivocal [82, 83].
Furthermore, studies of such association are limited
by difficulties in reliably and reproducibly measuring
muscle myostatin protein abundance due to differ-
ences in antibody specificities, varying interpretations
of the numerous myostatin complexes/forms and dis-
crepancies in their migration under different SDS-
PAGE conditions [83].

The three groups in the cross-sectional analysis
were generally well matched; however, ANA and
AEA tended to present with less lean body mass than
YNA. This difference is difficult to negate, since mus-
cle mass almost universally declines with advanced
age at a rate of ~1% per year, except in master athletes
[84-87]. Whilst there is a limitation of this compar-
ison, the modest loss of lean body mass in the aged
groups is a common feature of ageing that reflects
the general population. Furthermore, whilst myosta-
tin mRNA expression was found to be significantly
greater in AEA than ANA, the comparison between
AEA and YNA did not reach statistical significance.
It could therefore have been advantageous to have also
recruited a young excess adiposity group to isolate
the effects of ageing alone in the presence of excess



GeroScience (2024) 46:2033-2049

2045

adiposity and to have evaluated additional indices of
the expression/regulation of myostatin and its signal-
ling pathway, through the measurement of its muscle
and circulating protein content and of the expression
and activation of the SMAD 2/3 transcription factors.

Equal adipose tissue masses were used to gener-
ate the ACM used in this study. Therefore, whilst the
model used effectively accounts for differences in the
relative secretion of adipose-derived factors per unit
mass, the effect of increased absolute adipose mass in
individuals with excess adiposity was not captured.
To that effect, in vitro studies using human serum
from adults with differing levels of adiposity may also
prove valuable. Furthermore, ACM was generated
from donors who were undergoing total joint replace-
ment due to OA. Thus, both groups likely presented
with a more inflammatory phenotype than non-OA
donors [88]. However, given the high rates of knee
and hip replacement in aged adults and the presence
of radiographic evidence of OA in > 50% of adults >
65 years, the use of this patient group does not neces-
sarily preclude comparisons with the general ageing
population [89, 90].

Efforts were taken to create a physiologically rel-
evant model of lipid-induced skeletal muscle insulin
resistance. A combination of palmitic, linoleic and
oleic acid was therefore applied to differentiated pri-
mary human myotubes, reflecting the three most abun-
dant fatty acids within human plasma. The total fatty
acid concentration in PLO (450 pM) was greater than
that of palmitate alone (250 pM); however, this reflects
the approximate combined abundance of these three
free fatty acids within the human circulation and there-
fore allowed comparisons to be made with the iso-
lated effects of physiological palmitate. Furthermore,
it cannot be dismissed that different effects may occur
in vivo in the setting of a chronic obesogenic diet,
which warrants further investigation.

Conclusions

Skeletal muscle myostatin mRNA expression is
uniquely upregulated in aged adults with excess adi-
posity and insulin resistance but not by ageing alone.
Indeed, the mRNA expression of myostatin was
found to correlate with indices of adiposity but not
age. Using in vitro models of human skeletal muscle,
neither the secretory milieux of SAT derived from

patients with excess adiposity, which did not induce
insulin resistance but did perturb the expression of
factors involved in the regulation of muscle mass, nor
the overt induction of insulin resistance by elevated
fatty acid availability replicated the upregulation
of myostatin mRNA expression seen in vivo. Thus,
the underlying factors responsible for the obesity-
mediated upregulation of myostatin remain to be elu-
cidated but appear not to be mediated by ageing or
insulin resistance per se. Future research to identify
such factors is warranted; given its prominence as a
feature of excess adiposity in ageing, the role of intra-
muscular lipid accumulation should be examined.

Acknowledgements The authors acknowledge Dr. Carolyn
Chee, Nottingham University Hospitals NHS Trust, for her
contribution to the in vivo studies described herein.

Author contributions Conceptualization: Kostas Tsintzas,
Simon W. Jones, Leonidas G. Karagounis, Francis B. Stephens
and Andrew Wilhelmsen; methodology: Kostas Tsintzas, Simon
W. Jones, Andrew Wilhelmsen, Francis B. Stephens and Andrew
J. Bennett; formal analysis and investigation: Kostas Tsintzas,
Simon W. Jones, Andrew Wilhelmsen and Francis B. Stephens;
writing — original draft preparation: Andrew Wilhelmsen; writ-
ing — review and editing: Kostas Tsintzas, Simon W. Jones,
Andrew Wilhelmsen, Leonidas G. Karagounis and Francis B.
Stephens; funding acquisition: Kostas Tsintzas and Simon W.
Jones; resources: Kostas Tsintzas, Simon W. Jones, Francis B.
Stephens and Andrew J. Bennett; Supervision: Kostas Tsintzas,
Simon W. Jones, Andrew J. Bennett and Leonidas G. Karagou-
nis. All the authors read and approved the final manuscript.

Funding This research was funded by the MRC Versus
Arthritis Centre for Musculoskeletal Ageing Research.

Declarations

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/

2046

GeroScience (2024) 46:2033-2049

References

10.

11.

12.

13.

14.

15.

16.

Morton RW, Traylor DA, Weijs PIM, Phillips SM.
Defining anabolic resistance: implications for deliv-
ery of clinical care nutrition. Curr Opin Crit Care.
2018;24(2):124-30.

Morais JA, Jacob KW, Chevalier S. Effects of aging and
insulin resistant states on protein anabolic responses in
older adults. Exp Gerontol. 2018;108:262-8.
Mathus-Vliegen EM. Prevalence, pathophysiology, health
consequences and treatment options of obesity in the
elderly: a guideline. Obes Facts. 2012;5(3):460-83.
Morley JE. Sarcopenia: diagnosis and treatment. J Nutr
Health Aging. 2008;12(7):452—-6.

DeFronzo RA. Pathogenesis of type 2 diabetes mellitus.
Med Clin North Am. 2004;88(4):787-835.

McPherron AC, Lawler AM, Lee SJ. Regulation of skel-
etal muscle mass in mice by a new TGF-beta superfam-
ily member. Nature. 1997;387(6628):83-90.

Roberts MD, McCarthy JJ, Hornberger TA, Phillips SM,
Mackey AL, Nader GA, et al. Mechanisms of mechani-
cal overload-induced skeletal muscle hypertrophy: cur-
rent understanding and future directions. Physiol Rev.
2023;103(4):2679-757.

Wang Q, McPherron AC. Myostatin inhibition induces
muscle fibre hypertrophy prior to satellite cell activa-
tion. J Physiol. 2012;590(9):2151-65.

Amthor H, Otto A, Vulin A, Rochat A, Dumonceaux J,
Garcia L, et al. Muscle hypertrophy driven by myostatin
blockade does not require stem/precursor-cell activity.
Proc Natl Acad Sci U S A. 2009;106(18):7479-84.

Lee SJ, Huynh TV, Lee YS, Sebald SM, Wilcox-Adel-
man SA, Iwamori N, et al. Role of satellite cells versus
myofibers in muscle hypertrophy induced by inhibition
of the myostatin/activin signaling pathway. Proc Natl
Acad Sci U S A. 2012;109(35):E2353-60.

McPherron AC, Lee SJ. Suppression of body fat accu-
mulation in myostatin-deficient mice. J Clin Invest.
2002;109(5):595-601.

Hittel DS, Berggren JR, Shearer J, Boyle K, Houmard
JA. Increased secretion and expression of myostatin in
skeletal muscle from extremely obese women. Diabetes.
2009;58(1):30-8.

Allen DL, Hittel DS, McPherron AC. Expres-
sion and function of myostatin in obesity, diabe-
tes, and exercise adaptation. Med Sci Sports Exerc.
2011;43(10):1828-35.

Ryan AS, Li G. Skeletal muscle myostatin gene expres-
sion and sarcopenia in overweight and obese middle-aged
and older adults. JCSM Clin Rep. 2021;6(4):137-42.

Park J-J, Berggren JR, Hulver MW, Houmard JA, Hoff-
man EP. GRB14, GPDI, and GDF8 as potential network
collaborators in weight loss-induced improvements in
insulin action in human skeletal muscle. Physiol Genom.
2006;27(2):114-21.

Hjorth M, Pourteymour S, Gorgens SW, Langleite TM,
Lee S, Holen T, et al. Myostatin in relation to physical
activity and dysglycaemia and its effect on energy metab-
olism in human skeletal muscle cells. Acta Physiologica.
2016;217(1):45-60.

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Hittel DS, Axelson M, Sarna N, Shearer J, Huffman KM,
Kraus WE. Myostatin decreases with aerobic exercise and
associates with insulin resistance. Med Sci Sports Exerc.
2010;42(11):2023-9.

Liu X-H, Bauman WA, Cardozo CP. Myostatin inhibits
glucose uptake via suppression of insulin-dependent and
-independent signaling pathways in myoblasts. Physiol.
Rep. 2018;6(17):e13837.

Dong J, Dong Y, Dong Y, Chen F, Mitch WE, Zhang L.
Inhibition of myostatin in mice improves insulin sensitiv-
ity via irisin-mediated cross talk between muscle and adi-
pose tissues. Int J Obes (Lond). 2016;40(3):434—42.
Camporez J-PG, Petersen MC, Abudukadier A, Moreira
GV, Jurczak MJ, Friedman G, et al. Anti-myostatin anti-
body increases muscle mass and strength and improves
insulin sensitivity in old mice. Proc Natl Acad Sci.
2016;113(8):2212-7.

Eilers W, Chambers D, Cleasby M, Foster K. Local
myostatin inhibition improves skeletal muscle glucose
uptake in insulin-resistant high-fat diet-fed mice. Am J
Physiol Endocrinol Metab. 2020;319(1):E163-E74.
St-Onge MP. Relationship between body composition
changes and changes in physical function and metabolic
risk factors in aging. Curr Opin Clin Nutr Metab Care.
2005;8(5):523-8.

Yarasheski KE, Bhasin S, Sinha-Hikim I, Pak-Loduca
J, Gonzalez-Cadavid NF. Serum myostatin-immuno-
reactive protein is increased in 60-92 year old women
and men with muscle wasting. J Nutr Health Aging.
2002;6(5):343-8.

McKay BR, Ogborn DI, Bellamy LM, Tarnopol-
sky MA, Parise G. Myostatin is associated with age-
related human muscle stem cell dysfunction. Faseb J.
2012;26(6):2509-21.

Léger B, Derave W, De Bock K, Hespel P, Russell AP.
Human sarcopenia reveals an increase in SOCS-3 and
myostatin and a reduced efficiency of Akt phosphoryla-
tion. Rejuvenation Res. 2008;11(1):163.

Welle S, Bhatt K, Shah B, Thornton C. Insulin-like
growth factor-1 and myostatin mRNA expression in mus-
cle: comparison between 62-77 and 21-31 yr old men.
Exp Gerontol. 2002;37(6):833-9.

Dalbo VI, Roberts MD, Sunderland KL, Poole CN, Stout
JR, Beck TW, et al. Acute loading and aging effects on
myostatin pathway biomarkers in human skeletal muscle
after three sequential bouts of resistance exercise. J Ger-
ontol A Biol Sci Med Sci. 2011;66(8):855-65.
Goodpaster BH, Park SW, Harris TB, Kritchevsky SB,
Nevitt M, Schwartz AV, et al. The loss of skeletal mus-
cle strength, mass, and quality in older adults: the health,
aging and body composition study. J Gerontol A Biol Sci
Med Sci. 2006;61(10):1059-64.

Gallagher D, Ruts E, Visser M, Heshka S, Baumgartner
RN, Wang J, et al. Weight stability masks sarcopenia in
elderly men and women. Am J Physiol Endocrinol Metab.
2000;279(2):E366-E75.

Shanely RA, Zwetsloot KA, Triplett NT, Meaney MP,
Farris GE, Nieman DC. Human skeletal muscle biopsy
procedures using the modified Bergstrom technique. J Vis
Exp. 2014;10(91):51812.



GeroScience (2024) 46:2033-2049

2047

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

DeFronzo RA, Tobin JD, Andres R. Glucose clamp tech-
nique: a method for quantifying insulin secretion and
resistance. Am J Physiol. 1979;237(3):E214-23.

Kim JK. Hyperinsulinemic-euglycemic clamp to
assess insulin sensitivity in vivo. Methods Mol Biol.
2009;560:221-38.

Tsintzas K, Norton L, Chokkalingam K, Nizamani N,
Cooper S, Stephens F, et al. Independent and combined
effects of acute physiological hyperglycaemia and hyper-
insulinaemia on metabolic gene expression in human skel-
etal muscle. Clin Sci (Lond). 2013;124(11):675-84.
Matthews DR, Hosker JP, Rudenski AS, Naylor BA,
Treacher DF, Turner RC. Homeostasis model assessment:
insulin resistance and beta-cell function from fasting
plasma glucose and insulin concentrations in man. Diabe-
tologia. 1985;28(7):412-9.

O’Leary MF, Wallace GR, Bennett AJ, Tsintzas K, Jones
SW. IL-15 promotes human myogenesis and mitigates the
detrimental effects of TNFa on myotube development. Sci
Rep. 2017;7(1):12997.

O’Leary MF, Wallace GR, Davis ET, Murphy DP, Nichol-
son T, Bennett AJ, et al. Obese subcutaneous adipose tis-
sue impairs human myogenesis, particularly in old skel-
etal muscle, via resistin-mediated activation of NFxB. Sci
Rep. 2018;8(1):15360.

Nicholson T, Church C, Tsintzas K, Jones R, Breen L,
Davis ET, et al. Vaspin promotes insulin sensitivity of
elderly muscle and is upregulated in obesity. J Endocrinol.
2019;241(1):31-43.

Schmidt EK, Clavarino G, Ceppi M, Pierre P. SUnSET, a
nonradioactive method to monitor protein synthesis. Nat
Methods. 2009;6(4):275-7.

Larionov A, Krause A, Miller W. A standard curve based
method for relative real time PCR data processing. BMC
Bioinform. 2005;6:62.

Andersen CL, Jensen JL, @rntoft TF. Normalization of
real-time quantitative reverse transcription-PCR data: a
model-based variance estimation approach to identify
genes suited for normalization, applied to bladder and
colon cancer data sets. Cancer Res. 2004;64(15):5245-50.
Amor M, Itariu BK, Moreno-Viedma V, Keindl M, Jurets
A, Prager G, et al. Serum myostatin is upregulated in obe-
sity and correlates with insulin resistance in humans. Exp
Clin Endocrinol Diabetes. 2019;127(8):550-6.
Kern-Matschilles S, Gar C, Wanger L, Haschka SJ, Pot-
zel AL, Hesse N, et al. Association of serum myostatin
with body weight, visceral fat volume, and high sensitivity
c-reactive protein but not with muscle mass and physical
fitness in premenopausal women. Exp Clin Endocrinol
Diabetes. 2022;130(06):393-9.

Han DS, Chu-Su Y, Chiang CK, Tseng FY, Tseng PH,
Chen CL, et al. Serum myostatin is reduced in individuals
with metabolic syndrome. PLoS One. 2014;9(9):¢108230.
Thomas M, Langley B, Berry C, Sharma M, Kirk S, Bass
J, et al. Myostatin, a negative regulator of muscle growth,
functions by inhibiting myoblast proliferation. J Biol
Chem. 2000;275(51):40235-43.

Langley B, Thomas M, Bishop A, Sharma M, Gilmour
S, Kambadur R. Myostatin inhibits myoblast differentia-
tion by down-regulating MyoD expression. J Biol Chem.
2002;277(51):49831-40.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Rios R, Carneiro I, Arce VM, Devesa J. Myostatin is an
inhibitor of myogenic differentiation. Am J Physiol Cell
Physiol. 2002;282(5):C993-9.

Chen M-M, Zhao Y-P, Zhao Y, Deng S-L, Yu K. Regula-
tion of myostatin on the growth and development of skel-
etal muscle. Front Cell Dev Biol. 2021;9:785712.

Zammit PS. Function of the myogenic regulatory factors
Myf5, MyoD, Myogenin and MRF4 in skeletal muscle,
satellite cells and regenerative myogenesis. Semin Cell
Dev Biol. 2017;72:19-32.

Grade CVC, Mantovani CS, Alvares LE. Myostatin gene
promoter: structure, conservation and importance as a
target for muscle modulation. J Anim Sci Biotechnol.
2019;10(1):32.

Spiller MP, Kambadur R, Jeanplong F, Thomas M, Mar-
tyn JK, Bass JJ, et al. The myostatin gene is a downstream
target gene of basic helix-loop-helix transcription factor
MyoD. Mol Cell Biol. 2002;22(20):7066-82.

Watts R, McAinch AJ, Dixon JB, O’Brien PE, Cameron-
Smith D. Increased Smad signaling and reduced MRF
expression in skeletal muscle from obese subjects. Obe-
sity. 2013;21(3):525-8.

Musaro A, Cusella De Angelis MG, Germani A, Cicca-
relli C, Molinaro M, Zani BM. Enhanced expression of
myogenic regulatory genes in aging skeletal muscle. Exp
Cell Res. 1995;221(1):241-8.

Marsh DR, Criswell DS, Carson JA, Booth FW. Myo-
genic regulatory factors during regeneration of skeletal
muscle in young, adult, and old rats. J Appl Physiol.
1997:83(4):1270-5.

Rom O, Reznick AZ. The role of E3 ubiquitin-ligases
MuRF-1 and MAFbx in loss of skeletal muscle mass. Free
Radic Biol Med. 2016;98:218-30.

Cai D, Lee KKH, Li M, Tang MK, Chan KM. Ubig-
uitin expression is up-regulated in human and rat skel-
etal muscles during aging. Arch Biochem Biophys.
2004;425(1):42-50.

Whitman SA, Wacker MJ, Richmond SR, Godard MP.
Contributions of the ubiquitin—proteasome pathway and
apoptosis to human skeletal muscle wasting with age.
Pfliigers Archiv. 2005;450(6):437—46.

Edstrom E, Altun M, Héigglund M, Ulfhake B. Atrogin-1/
MAFbx and MuRF1 are downregulated in aging-
related loss of skeletal muscle. J Gerontol: Series A.
2006;61(7):663-74.

Manfredi LH, Paula-Gomes S, Zanon NM, Kettelhut IC.
Myostatin promotes distinct responses on protein metabo-
lism of skeletal and cardiac muscle fibers of rodents. Braz
J Med Biol Res. 2017;50(12):e6733.

Makki K, Froguel P, Wolowczuk 1. Adipose tissue in
obesity-related inflammation and insulin resistance:
cells, cytokines, and chemokines. Int Sch Res Notices.
2013;2013:139239.

Weisberg SP, McCann D, Desai M, Rosenbaum M, Lei-
bel RL, Ferrante AW Jr. Obesity is associated with mac-
rophage accumulation in adipose tissue. J Clin Invest.
2003;112(12):1796-808.

Liu Z, Wu KKL, Jiang X, Xu A, Cheng KKY. The role of
adipose tissue senescence in obesity- and ageing-related
metabolic disorders. Clin Sci. 2020;134(2):315-30.

@ Springer



2048

GeroScience (2024) 46:2033-2049

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Frithbeck G, Gémez-Ambrosi J, Muruzabal FJ, Burrell
MA. The adipocyte: a model for integration of endocrine
and metabolic signaling in energy metabolism regulation.
Am J Physiol Endocrinol Metab. 2001;280(6):E827-E47.
Wilhelmsen A, Tsintzas K, Jones SW. Recent advances
and future avenues in understanding the role of adipose
tissue cross talk in mediating skeletal muscle mass and
function with ageing. GeroScience. 2021;43(1):85-110.
Pellegrinelli V, Rouault C, Rodriguez-Cuenca S, Albert V,
Edom-Vovard F, Vidal-Puig A, et al. Human adipocytes
induce inflammation and atrophy in muscle cells during
obesity. Diabetes. 2015;64(9):3121-34.

Sell H, Eckardt K, Taube A, Tews D, Gurgui M, Echten-
Deckert GV, et al. Skeletal muscle insulin resistance
induced by adipocyte-conditioned medium: underlying
mechanisms and reversibility. Am J Physiol Endocrinol
Metab. 2008;294(6):E1070-E7.

Lam YY, Janovska A, McAinch AJ, Belobrajdic DP, Hatz-
inikolas G, Game P, et al. The use of adipose tissue-condi-
tioned media to demonstrate the differential effects of fat
depots on insulin-stimulated glucose uptake in a skeletal
muscle cell line. Obes Res Clin Pract. 2011;5(1):e43-54.
Lam YY, Hatzinikolas G, Weir JM, Janovska A, McAinch
AJ, Game P, et al. Insulin-stimulated glucose uptake and
pathways regulating energy metabolism in skeletal mus-
cle cells: the effects of subcutaneous and visceral fat, and
long-chain saturated, n-3 and n-6 polyunsaturated fatty
acids. Biochim Biophys Acta. 2011;1811(7-8):468-75.
Goodpaster BH, Theriault R, Watkins SC, Kelley DE. Intra-
muscular lipid content is increased in obesity and decreased
by weight loss. Metabolism. 2000;49(4):467-72.

Chee C, Shannon CE, Burns A, Selby AL, Wilkinson D,
Smith K, et al. Relative contribution of intramyocellular
lipid to whole-body fat oxidation is reduced with age but
subsarcolemmal lipid accumulation and insulin resistance
are only associated with overweight individuals. Diabetes.
2016;65(4):840-50.

Mthembu SXH, Dludla PV, Nyambuya TM, Kappo AP,
Madoroba E, Ziqubu K, et al. Experimental models of
lipid overload and their relevance in understanding skeletal
muscle insulin resistance and pathological changes in mito-
chondrial oxidative capacity. Biochimie. 2021;196:182-93.
Stephens FB, Chee C, Wall BT, Murton AJ, Shannon CE,
van Loon LJ, et al. Lipid-induced insulin resistance is
associated with an impaired skeletal muscle protein syn-
thetic response to amino acid ingestion in healthy young
men. Diabetes. 2015;64(5):1615-20.

Hirabara SM, Curi R, Maechler P. Saturated fatty acid-
induced insulin resistance is associated with mitochon-
drial dysfunction in skeletal muscle cells. J Cell Physiol.
2010;222(1):187-94.

Goodman CA, McNally RM, Hoffmann FM, Hornberger
TA. Smad3 induces atrogin-1, inhibits mTOR and pro-
tein synthesis, and promotes muscle atrophy in vivo. Mol
Endocrinol. 2013;27(11):1946-57.

Guo T, Jou W, Chanturiya T, Portas J, Gavrilova O,
McPherron AC. Myostatin inhibition in muscle, but not
adipose tissue, decreases fat mass and improves insulin
sensitivity. PLOS ONE. 2009;4(3):e4937.

Zhang C, McFarlane C, Lokireddy S, Bonala S, Ge
X, Masuda S, et al. Myostatin-deficient mice exhibit

Springer

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

reduced insulin resistance through activating the AMP-
activated protein kinase signalling pathway. Diabetologia.
2011;54(6):1491-501.

Shan T, Liang X, Bi P, Kuang S. Myostatin knockout
drives browning of white adipose tissue through activating
the AMPK-PGClalpha-Fndc5 pathway in muscle. Faseb
J.2013;27(5):1981-9.

Consitt LA, Clark BC. The vicious cycle of myostatin
signaling in sarcopenic obesity: myostatin role in skeletal
muscle growth, insulin signaling and implications for clin-
ical trials. J Frailty Aging. 2018;7(1):21-7.

Battey E, Ross JA, Hoang A, Wilson DGS, Han Y, Levy
Y, et al. Myonuclear alterations associated with exercise
are independent of age in humans. J Physiol. 2022;
Johnson JL, Slentz CA, Houmard JA, Samsa GP, Duscha
BD, Aiken LB, et al. Exercise training amount and inten-
sity effects on metabolic syndrome (from studies of a
targeted risk reduction intervention through defined exer-
cise). Am J Cardiol. 2007;100(12):1759-66.

Johnson JL, Slentz CA, Ross LM, Huffman KM, Kraus
WE. Ten-Year Legacy Effects of three eight-month exer-
cise training programs on cardiometabolic health param-
eters. Front Physiol. 2019;10:452.

Wilhelmsen A, Tsintzas K, Jones SW. Recent advances
and future avenues in understanding the role of adipose
tissue cross talk in mediating skeletal muscle mass and
function with ageing. Geroscience. 2021;43(1):85-110.
Dalbo VJ, Roberts MD, Mobley CB, Ballmann C,
Kephart WC, Fox CD, et al. Testosterone and tren-
bolone enanthate increase mature myostatin protein
expression despite increasing skeletal muscle hypertro-
phy and satellite cell number in rodent muscle. Androlo-
gia. 2017;49(3):e12622.

Kim JS, Petrella JK, Cross JM, Bamman MM. Load-
mediated downregulation of myostatin mRNA is not suffi-
cient to promote myofiber hypertrophy in humans: a clus-
ter analysis. J Appl Physiol. 2007;103(5):1488-95.
Wroblewski AP, Amati F, Smiley MA, Goodpaster B,
Wright V. Chronic exercise preserves lean muscle mass in
masters athletes. Phys Sportsmed. 2011;39(3):172-8.
Harridge SDR, Lazarus NR. Physical activity, aging, and
physiological function. Physiology. 2017;32(2):152-61.
Pearson SJ, Young A, Macaluso A, Devito G, Nimmo MA,
Cobbold M, et al. Muscle function in elite master weight-
lifters. Med Sci Sports Exerc. 2002;34(7):1199-206.
Wilkinson DJ, Piasecki M, Atherton PJ. The age-related
loss of skeletal muscle mass and function: measurement
and physiology of muscle fibre atrophy and muscle fibre
loss in humans. Ageing Res Rev. 2018;47:123-32.
Thijssen E, van Caam A, van der Kraan PM. Obesity
and osteoarthritis, more than just wear and tear: piv-
otal roles for inflamed adipose tissue and dyslipidae-
mia in obesity-induced osteoarthritis. Rheumatology.
2014;54(4):588-600.

Miller ME, Rejeski WJ, Messier SP, Loeser RF. Modifiers
of change in physical functioning in older adults with knee
pain: the observational arthritis study in seniors (OASIS).
Arthritis Rheum. 2001;45(4):331-9.

NHS. Finalised patient reported outcome measures (PROMs)
in England for Hip & Knee Replacements. 2022.



GeroScience (2024) 46:2033-2049 2049

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer



	Skeletal muscle myostatin mRNA expression is upregulated in aged human adults with excess adiposity but is not associated with insulin resistance and ageing
	Abstract 
	Introduction
	Aims
	Materials and methods
	In vivo procedures and human tissue acquisition
	Cross-sectional analysis of ageing and obesity
	Blood biochemistry
	Acquisition of subcutaneous adipose tissue for modelling adipose-muscle crosstalk
	In vitro procedures
	Generation and differentiation of primary human myogenic cultures

	Modelling subcutaneous adipose tissue cross-talk with skeletal muscle
	Induction of lipid-induced insulin resistance
	Glucose uptake
	Myotube diameter
	Global protein synthesis
	mRNA expression
	Terminology to describe biological and technical replication

	Statistical analysis

	Results
	In vivo studies
	In vitro studies

	Discussion
	Limitations
	Conclusions
	Acknowledgements 
	References


